The N-methyl-D-aspartate antagonist ketamine has rapid antidepressant effects in patients with treatment-resistant major depression (TRD); these effects have been reported to last for 1 week in some patients. However, the extent and duration of this antidepressant effect over longer periods has not been well characterized under controlled conditions. Riluzole, a glutamatergic modulator with antidepressant and synaptic plasticity-enhancing effects, could conceivably be used to promote the antidepressant effects of ketamine. This study sought to determine the extent and time course of antidepressant improvement to a single-ketamine infusion over 4 weeks, comparing the addition of riluzole vs placebo after the infusion. Forty-two subjects (18-65) with TRD and a Montgomery-Asberg Depression Rating Scale (MADRS) score of X22 received a single intravenous infusion of ketamine (0.5 mg/kg). Four to six hours postinfusion, subjects were randomized to double-blind treatment with either riluzole (100-200 mg/day; n ¼ 21) or placebo (n ¼ 21) for 4 weeks. Depressive symptoms were rated daily. A significant improvement (Po0.001) in MADRS scores from baseline was found. The effect size of improvement with ketamine was initially large and remained moderate throughout the 28-day trial. Overall, 27% of ketamine responders had not relapsed by 4 weeks following a single ketamine infusion. The average time to relapse was 13.2 days (SE ¼ 2.2). However, the difference between the riluzole and placebo treatment groups was not significant, suggesting that the combination of riluzole with ketamine treatment did not significantly alter the course of antidepressant response to ketamine alone.
INTRODUCTION
A major limitation associated with all existing antidepressant medications is their lag of onset of action. These medications can take weeks to months to achieve their full effects, leaving patients vulnerable to devastating symptoms and elevated risk of self-harm (Machado-Vieira et al, 2008) . Considerable clinical and preclinical evidence suggests that drugs that modulate the glutamatergic system, especially at the N-methyl-D-aspartate (NMDA) receptor (NMDAR) complex, result in rapid onset of antidepressant response (aan het Berman et al, 2000; Diazgranados et al, 2010a; Diazgranados et al, 2010b; Preskorn et al, 2008; Valentine et al, 2011; Zarate et al, 2006) . A single infusion of the NMDA antagonist ketamine given to patients with treatment-resistant depression (TRD) was associated with an improvement in depressive symptoms lasting well beyond its half-life (Berman et al, 2000; Diazgranados et al, 2010a; Diazgranados et al, 2010b; Zarate et al, 2006) . Although variable, the duration of antidepressant effects appeared to be approximately 1 week in some patients (Zarate et al, 2006) . Other uncontrolled studies suggested that the antidepressant effects of ketamine might last for several weeks or more (reviewed in Zarate et al, 2010) . It is important to note that for TRD patients, even a partial improvement that does not meet more formal response or remission criteria may nevertheless be meaningful and have a major impact on their ability to function. Thus, a more precise understanding of the extent and duration of antidepressant improvement with a single infusion of ketamine is crucial for future treatment and research efforts.
Despite the psychotomimetic and dissociative side effects of ketamine, considerable enthusiasm exists regarding its development as a possible treatment for patients with TRD. Among the strategies under consideration are the administration of repeated doses of ketamine or augmentation with other drugs that are better tolerated than ketamine; the latter strategy would permit the administration of a singleketamine infusion followed by treatments that do not induce psychotomimetic effects, with the goal of obtaining a rapid and sustained antidepressant effect.
The antidepressant effects of ketamine are believed to result from increased presynaptic glutamate release with the net effect of enhanced glutamatergic throughput at the 2-amino-3-(5-methyl-3-oxo-1,2-oxazol-4-yl) propanoic acid (AMPA) receptor (AMPAR) relative to the NMDAR (Maeng et al, 2008) . Preclinical work demonstrated that the antidepressant-like effects of ketamine were selectively averted when an AMPAR antagonist was given immediately prior to ketamine (Maeng and Zarate, 2007; Maeng et al, 2008) . This suggests that the effects of ketamine occur principally through AMPAR activation, inducing rapid AMPARmediated synaptic potentiation (Sanacora et al, 2008) . Additional evidence supporting the effects of ketamine on synaptic plasticity includes the finding that ketamine rapidly activates the mammalian target of the rapamycin (mTOR) signaling pathway, resulting in rapid and sustained elevation of synapse-associated proteins and spine number in the prefrontal cortex of rats (Li et al, 2010) .
Given the delayed mechanism of action of currently available antidepressants, any pharmacological strategy that could exert rapid and sustained antidepressant effects within hours or even days would have a profound impact on patients' quality of life as well as public health. Thus, one reasonable strategy for optimizing the rapid antidepressant effects of ketamine and minimizing its side effect profile would be to provide a single dose of ketamine, immediately followed by another glutamatergic modulator with synapticpotentiating properties but without psychotomimetic effects. In this regard, a series of studies found that riluzole, an inhibitor of glutamate release with anticonvulsant and neuroprotective properties, possessed antidepressant properties in animal models of depression as well as in TRD patients and may affect synaptic potentiation (Du et al, 2007; Sanacora et al, 2007; Zarate et al, 2004) . For instance, chronic administration of riluzole increased synaptic AMPAR subunit 1 (GluR1) (Du et al, 2007) . This suggests the possibility of maintaining the AMPAR throughput achieved with ketamine by using riluzole; hypothetically, rapid onset of action could be achieved by ketamine and then sustained by riluzole, which would concomitantly avoid the dissociative effects associated with chronic treatment with ketamine. We postulated that directly targeting NMDARs and enhancing AMPAR throughput with ketamine, followed immediately by riluzole treatment, would further promote the antidepressant effects achieved with ketamine in TRD patients. Preliminary clinical experience for such a strategy comes from a study of 14 TRD patients who met response criteria 72 h after ketamine administration and were randomized to a 4-week, doubleblind, controlled trial with riluzole or placebo (Mathew et al, 2010 ). An interim analysis showed no significant difference in time-to-relapse between groups.
Here we report the results of a single-center, inpatient, randomized, double-blind, 4-week, placebo-controlled trial with riluzole or placebo in patients with TRD who received a single ketamine infusion. The objectives of this study were to determine the extent and time course of antidepressant improvement to a single intravenous dose of ketamine in patients with TRD, and to determine whether the addition of riluzole would have an additional benefit in improving depressive symptoms. Partial results from the pre-randomization phase were previously published (Diazgranados et al, 2010b) .
MATERIALS AND METHODS

Patient Selection
Subjects were recruited from physician referrals throughout the United States and from local inpatient psychiatric units, as well as through advertisements in local newspapers and on the internet. Men and women aged 18-65 years were eligible to participate if they had a diagnosis of recurrent major depressive disorder without psychotic features, as diagnosed using the Structured Clinical Interview for Axis I DSM-IV DisordersFPatient Version (First et al, 2001) . Patients with a history of antidepressant-or substanceinduced hypomania or mania were excluded. All subjects were studied at the Clinical Research Center (CRC) of the National Institute of Mental Health (NIMH) in Bethesda, Maryland between January 2006 and September 2010. Subjects were required to have a score of X22 on the Montgomery-Asberg Depression Rating Scale (MADRS) at screening and on the day of ketamine infusion (baseline), with no greater than a 25% decrease in MADRS total score between these two time points. Furthermore, patients had to have previously failed at least two adequate antidepressant trials, and currently be experiencing a major depressive episode of at least 4 weeks duration (adequacy of antidepressant trials was determined using the modified antidepressant treatment history form (Sackeim, 2001) ).
All subjects were in good physical health as determined by medical history, physical examination, blood labs, electrocardiogram (ECG), chest X-ray, urinalysis, and toxicology screen. Subjects were free of comorbid substance abuse or dependence (excluding nicotine or caffeine) for at least 3 months and had a negative urine toxic screen on admission. Comorbid axis I anxiety disorder diagnoses were permitted if they were not the primary focus of treatment within 12 months before screening. Exclusion criteria included any serious unstable medical disorder or condition, previous use of ketamine, riluzole, phencyclidine, or concomitant treatment with psychotropic medications or ECT in the 2 weeks prior to ketamine infusion (5 weeks for fluoxetine); in addition, female subjects could not be pregnant or nursing.
The study was approved by the Combined Neuroscience Institutional Review Board of the National Institutes of Health (NIH). All subjects provided written informed consent before entry into the study and were assigned a clinical research advocate from the NIMH Human Subjects Protection Unit to monitor the consent process and research participation throughout the study.
Sample Size
The study was designed to detect a moderate to large difference (d ¼ 0.70). between ketamine plus riluzole vs ketamine plus placebo, so a minimum of 34 patients were expected per group to achieve 80% power with Po0.05, two-tailed. However, the protocol stipulated an interim analysis after approximately 60% of the data were collected to check safety measures and efficacy assumptions. The results of that interim analysis (n ¼ 42) are reported here.
Study Design and Medications
This was a double-blind, randomized, parallel, placebocontrolled, flexible-dose inpatient study conducted to assess two measures: first, the efficacy and safety of the addition of riluzole to ketamine compared with ketamine alone; and second, the time course of antidepressant response to a single intravenous dose of the NMDA antagonist ketamine. Following a 2-week drug-free period, 42 subjects with TRD currently experiencing a major depressive episode without psychotic features received a single open-label infusion of 0.5 mg/kg of ketamine hydrochloride (Abbott Labs, North Chicago, IL) over 40 min via a Baxter infusion pump by an anesthesiologist in the peri-anesthesia care unit. Ketamine dose was based on previous studies of patients with mood disorders (Berman et al, 2000; Diazgranados et al, 2010a; Diazgranados et al, 2010b; Zarate et al, 2006) . Four to six hours post-infusion, patients were randomized in a doubleblind manner to receive either riluzole or placebo for 4 weeks. All study investigators, staff, and patients were blind to riluzole or placebo assignment. For patients in the ketamine-riluzole group, the dose of riluzole was initiated and maintained at 100 mg/day (50 mg b.i.d.). During weekly evaluations, this dose could be flexibly increased in increments of 50 mg to a maximum of 200 mg/day. Dose escalations continued on a weekly basis until the appearance of treatment-limiting side effects or completion of the study. Dose reductions were permitted by one capsule (50 mg) in case of side effects. Subjects who were unable to tolerate the lowest dose of riluzole allowable (100 mg/day) were discontinued from the study. Treatment compliance was monitored by capsule counts and by the nurses who administered the study medication. No additional medications that primarily affect the central nervous system were allowed during the study.
Patients were hospitalized at the CRC of the NIMH-NIH for the duration of the study. Vital signs, digital oximetry, and ECG were monitored during the ketamine infusion as well as for one hour post-infusion. Complete blood counts, electrolyte panels, and liver function tests were obtained at baseline and at weeks 2 and 4, or at study exit. ECGs were obtained at baseline and at the end of the study.
Main Outcome Measures
Subjects were rated 60 min prior to ketamine infusion, at 40, 80, 120, and 230 min post-infusion, and then daily for the next 28 days following the infusion. Rating scales included the MADRS (Montgomery and Asberg, 1979) , which was the primary outcome measure. Secondary measures were the 17-item Hamilton Rating Scale for Depression (HAM-D) (Hamilton, 1960) , the self-administered Beck Depression Inventory (BDI) (Beck and Beamesderfer, 1974) , the visual analogue scale for depression (VAS-depression) (Aitken, 1969) , the Hamilton Anxiety Rating Scale (HAM-A) (Hamilton, 1959) , the Brief Psychiatric Rating Scale (BPRS)-positive symptoms (Overall and Gorham, 1962) , the Clinician Administered Dissociative States Scale (CADSS) (Bremner et al, 1998) , the Young Mania Rating Scale (YMRS) (Young et al, 1978) , and the Scale for Suicide Ideation (SSI) (Beck et al, 1979) . The HAM-A was obtained at baseline, 230 min, and on days 1, 3, 7, 14, 21, and 28. Patient ratings were performed by research nurses, a physician, and a psychologist who trained together to establish reliability. High inter-rater reliability was obtained for the MADRS (intraclass correlation coefficient (ICC) ¼ 0.94), HAM-D (ICC ¼ 0.92), and YMRS (ICC ¼ 0.92). Throughout the study, the same rater conducted most ratings for an individual patient.
Ketamine and Norketamine Plasma Levels
Ketamine and norketamine plasma levels were obtained at 40 and 80 min post-infusion (see Supplementary Methods).
Statistical Analyses
Linear mixed models with restricted maximum likelihood estimation were used to examine the change in clinical ratings over the course of the study. Study day was a withinsubjects factor and treatment group was a between-subjects factor; the interaction between day and treatment group was included. Schwarz's Bayesian criteria were used to determine the best-fitting variance-covariance structure, an autoregressive moving average model. The fixed intercept was included, but the random intercept and random subject effect were not because they did not contribute significantly to the model. Post-hoc tests were simple effects tests with Bonferroni correction.
The primary analysis used the intent-to-treat sample where all participants had at least one post-baseline measure. The primary outcome measure was the MADRS, so Hochberg's adjusted Bonferroni procedure was applied only to secondary measures. Raw P-values are reported. Cohen's d was calculated comparing the treatment groups at various time points to understand the size of differences; positive values indicate lower ratings in the ketamineriluzole group. Additional analyses were performed using only patients who responded to ketamine at 230 min or before to understand whether riluzole might extend the initial response to ketamine. Kaplan-Maier survival analysis was performed using a log rank test to examine time to relapse in each treatment group. Response was considered a 50% improvement from baseline on the MADRS. Response was counted as a single time point reaching criteria. All participants meeting response criteria on or before 230 min were included. Relapse was considered a o25% improvement from baseline for at least 2 consecutive days after reaching at least 50% improvement. Time to relapse was counted from the first day of the consecutive relapse days so the minimum time to relapse was 1 day.
All analyses used two-tailed significance criteria of Po0.05 and were performed with IBM SPSS 19 (IBM SPSS, 2010, Chicago, IL, www.spss.com).
RESULTS
Patients
Of the 118 subjects screened, 42 met study criteria, received a single ketamine infusion, and were subsequently randomized to receive 4 weeks of either riluzole or placebo (Figure 1 ). Demographic and clinical characteristics are summarized in Table 1 . Despite an average of 46.1 (SD ¼ 23.8) days in the hospital prior to ketamine infusion, MADRS scores did not change significantly from hospital entry to ketamine infusion (t ¼ 1.03, d.f. ¼ 36, P ¼ 0.31; mean change ¼ À0.6, SD ¼ 3.4). In all, 21 patients were randomized to receive placebo and 21 to receive riluzole. Except for a difference in past exposure to an SSRI, no statistical differences were noted between the groups on demographic factors or baseline clinical measures (Table 1) .
Patients receiving riluzole reached a maximum dose of 173.8 mg/day (SD ¼ 43.6).
Overall, 67% (14/21) of TRD patients in the ketamineriluzole group and 62% (13/21) of TRD patients in the ketamine-placebo group completed the study (w 2 ¼ 0.10, P ¼ 0.75).
Efficacy
The linear mixed model showed a significant improvement in MADRS scores over time (F ¼ 8.81, d.f. ¼ 28, 297, Po0.001) , but the differences between treatment groups and the interaction between time and treatment group were not significant (treatment: (Figure 2 ). MADRS scores were significantly lower than baseline from day 1 through day 28 for the full sample. The biggest non-significant difference between the two treatment groups was at day 4, where Cohen's d was 0.35 (95% confidence interval: À0.12-0.82), indicating lower scores in the ketamine-riluzole group.
Additional 
Additional Analyses
When the analysis was limited to participants who responded to ketamine within the first 230 min on the day of infusion, the results were unchanged for the primary outcome measure (MADRS), showing only a significant effect for time (time:
The biggest nonsignificant differences between the treatment groups occurred at day 4 (Cohen's d ¼ 0.74, 95% confidence interval: 0.15-1.32), indicating lower scores in the ketamineriluzole group. In all, 62% (26/42) of patients reached response criteria at some time prior to randomization. For these responders, 27% (7/26) did not relapse throughout the 4-week study. Three more patients (38%; 10/26) did not relapse for at least 2 weeks, and five more (58%; 15/26) did not relapse for at least a week. Separating by group, 33% (4/12) of the ketamine-riluzole group and 21% (3/14) of the ketamineplacebo group had not relapsed prior to the end of the study. One patient in the ketamine-riluzole group met relapse criteria on day 28. Kaplan-Maier survival analysis showed no significant difference between the treatment groups (log rank test, w 2 ¼ 2.50, P ¼ 0.11; Figure 3 ). On average, patients took 13.2 (SE ¼ 2.2) days to relapse. The ketamine-riluzole group took 17.2 (SE ¼ 3.1) days and the ketamine-placebo group took 9.8 days (SE ¼ 2.8) to relapse.
Pearson's correlations showed that plasma ketamine and norketamine levels as well as riluzole dose did not correlate with the change in MADRS scores (see Supplementary Appendix 2).
Adverse Events
No serious adverse events occurred during the study. Consistent with previous studies, perceptual disturbances, drowsiness, confusion, elevations in blood pressure and pulse, and dizziness occurred during ketamine infusion, but resolved within 80 min. No clinically meaningful changes in respiratory rate, arterial oxygen saturation, or ECG occurred over the course of the study.
No difference was noted in the emergence of side effects between treatment groups (see Supplementary Table 1) , nor were significant changes from baseline noted between groups for complete blood counts, liver function tests, vital signs, or weight.
DISCUSSION
This study had two notable findings. First, a single dose of the NMDAR antagonist ketamine significantly improved depressive symptoms in TRD patients over the course of 4 weeks. Second, the addition of the glutamatergic modulator riluzole did not enhance antidepressant response compared with the addition of placebo following an infusion of ketamine.
We found significant improvement compared with baseline in subjects with TRD over the course of 4 weeks following a single dose of ketamine. When both treatment groups were combined, patients scoredFon averageF6.0 (SE ¼ 1.2) points lower on the MADRS 4 weeks after ketamine infusion. The effect sizes for change from baseline ranged from large (d ¼ 1.02) on day 2 to moderate (d ¼ 0.46) on day 28. In addition, 58% of initial responders had not relapsed at 1 week, 38% had not relapsed at 2 weeks, and 27% had not relapsed at the study end point of 4 weeks. This finding is especially remarkable, given the severity of illness of this particular patient sample.
With regard to the comparison between the ketamineriluzole and ketamine-placebo groups, consistent overlap in the pattern of response was seen across the four different depression (MADRS, HAM-D, BDI, and VAS-depression) and anxiety (HAM-A) scales. Several explanations may account for the lack of difference between the two groups. First, a moderate effect was observed following ketamine infusion that persisted throughout the study. Without a significant reduction in that initial effect, the ability to see an additional response to riluzole may have been minimized. However, a substantial level of depressive symptoms persisted throughout the study, so this seems unlikely. Second, it is hypothetically possible that ketamine's mechanism of action might itself block or mute patients' response to riluzole. Third, the patients in the ketamineriluzole group took longer to relapse than patients in the ketamine-placebo group (17.2 vs 9.8 days); although this difference was not statistically significant, it may nevertheless have been clinically meaningful.
Fourth, the dose of riluzole used, the route of administration, and the level of treatment refractoriness of this population may have made it difficult to detect an antidepressant signal. To further explore this, we conducted a post-hoc analysis on the efficacy of riluzole solely in those Figure 3 Survival curves for time to relapse in responders by treatment group. Response was considered a 50% improvement from baseline on the MADRS. Relapse was considered a o25% improvement from baseline for at least 2 consecutive days after reaching at least 50% improvement.
Ketamine and add-on Riluzole L Ibrahim et al patients who had not responded to ketamine and found that riluzole had no appreciable antidepressant effects beyond placebo in this group of TRD patients. Both the considerable treatment refractoriness of the population as well as the short duration of the trial could account for this lack of efficacy. In an earlier open-label study, the antidepressant effects of riluzole were measurable within 3 weeks in a group of TRD patients (Zarate et al, 2004) , but such an effect might not have persisted with a placebo control. Future controlled studies are needed to address these methodological issues and further clarify the antidepressant profile of riluzole.
Fifth, it is possible that the lack of sustained improvement with riluzole following ketamine infusion was due to riluzole's inability to maintain the neurobiological changes (ie, synaptic plasticity) necessary for capturing and sustaining the antidepressant effects of ketamine. In addition to modulating presynaptic glutamate release, several studies have shown that riluzole modifies excitatory amino-acid transporter expression and function, thereby modulating glutamate clearance and cycling (Banasr et al, 2008; Frizzo et al, 2004; Gourley et al, 2012) . These additional effects, which include changes in AMPA transmission, appear to be time-and dose-dependent, thus suggesting that the timing of riluzole dosing relative to ketamine administration could be important in achieving a sustained antidepressant effect with ketamine. Finally, there may be off-site targets responsible for the antidepressant effects of ketamine that are not engaged by riluzole (eg, sigma receptors (Robson et al, 2011) ).
In the present study, the largest effect size comparing treatments for a time point on the primary outcome measure was 0.35. With this effect size and 80% power, a minimum of 130 patients would be needed per group to find a significant effect. Such a sample size is well beyond the initial sample size estimate of 34 per group. Furthermore, doubling the present sample size would offer only 35% power to detect the present effect.
Several differences between the present study and that of Mathew et al (2010) permit us to build on that previous study, as well as better characterize the course of response to ketamine over 4 weeks. Specifically, the present study had: (1) a larger sample size (42 vs 14, randomized); (2) the requirement that patients be hospitalized for 4-6 weeks before ketamine infusion and throughout the study vs only 24 h post infusion in the study by Mathew et al (2010) ; (3) the requirement that patients be free of psychotropic medications for 2 weeks before infusion vs in the Mathew et al (2010) study, where patients were pretreated with either lamotrigine 300 mg p.o. or placebo immediately prior to the infusion; (4) the fact that the patients were randomized to either riluzole or placebo within 6 h post-infusion vs after 72 h of sustained response in the study by Mathew et al (2010) ; and (5) daily ratings vs biweekly ratings.
In addition, this study had several strengths. Subjects were hospitalized for an average of 46 days prior to ketamine infusion, permitting sufficient time to characterize them, document the stability of depressive symptoms during their current episode despite inpatient treatment, and monitor compliance with study medications. In addition, the study of riluzole was double-blind and randomized. All subjects had been completely free of psychotropic medications for at least 2 weeks prior to infusion and randomization. Nevertheless, the relatively small sample size and the refractoriness of the patient sample limit our ability to generalize the findings to all patients with major depressive disorder. Specifically, TRD patients who have been ill for many years may have different neurobiological and pharmacological responses to both ketamine and riluzole than patients whose course of illness is shorter or less severe.
As noted previously, a dearth of effective, rapid, and sustained treatments exist for major depressive disorder. The data presented here suggest that a single 40-min infusion of ketamine was associated with rapid and potentially durable antidepressant response lasting up to 4 weeks. This finding of an ongoing antidepressant effect lasting approximately 4 weeks from a single infusion of ketamine is much longer than the length of improvementFtypically less than 7 daysFthat has previously been reported and deserves further study. Future studies should also examine alternative strategies for the long-term maintenance of antidepressant effects of ketamine. Relevant strategies might include investigating repeat doses of ketamine, or combining ketamine treatment with electroconvulsive therapy or antidepressants. In addition, particular consideration should be given to studying other types of glutamatergic modulators such as oral NMDA antagonists or AMPA potentiators (Machado-Vieira et al, 2011) . Identifying a treatment strategy that eliminates the lag of onset of antidepressant effects would have a major impact on public health.
